The proton-proton interaction at very small distances is studied by analyzing the elastic scattering data near 2 and 3 GeV. The explicit inclusion of the one-pion-exchange contribution in the high-angular-momentum states and that from the one-boson exchange in the intermediate-angular-momentum states together with the assumption that the absorption coefficients can be represented by a smooth function of the orbital angular momentum l allowed us to determine the phase shifts for lower-angular-momentum states. Three independent solutions have been found at each energy considered, which are smoothly connected with solutions at lower energies. The form of the absorption is such that in general its maximum is in the 1 D 2 state. With respect to the real phase shifts, all of the solutions are consistent with the presence of a strongly repulsive core in the 1S 0 state, and solutions have been found which suggest a repulsive core also in the triplet odd states. The strong spin dependence of the interaction is stressed and this is also discussed in connection with the forward scattering amplitude. Predictions of several triple scattering parameters are given which may eliminate the ambiguity of the solutions found.
§ 1. Introduction In order to get a clue to the understanding of the structure of the elementary particles, it seems to be extremely important to study the nucleon-nucleon interaction at high energy. Although the inelastic processes become dominant in the Ge V region, the study of the elastic scattering is nevertheless interesting.
Most of the works so far presented on the N-N scattering at high energy have been based on the diffraction model, which interprets the elastic scattering as a shadow effect caused by the occurence of various inelastic processes. Although this model can reproduce fairly well the angular distribution of the elastic cross section, and in this sense is a reasonable approximation, it is definitely inadequate to explain the rather large polarization exhibited by the jJ-p scattering, at least up to "--'6 Ge V.ll It must be emphasized that the existence of a considerable amount of polarization implies the necessity of a detailed study of the elastic scattering, since it means that we can extract valuable informations not only from the inelastic channels but also from the elastic one. As an effort along this line of thinking, an analysis of p-p scattering data near 2 and 3 Ge V has been carried out and the results will be reported in the present paper.
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The main purpose of the present work is to obtain information on the nuclear forces at very small distances, which have of course anintimate relation with the structure of the elementary particles. The study of the nuclear forces has been successfully developed from the outside of the nucleons 2 l and, as results of extensive investigations along this line, we know today that the long-range part (x 2:1.5/Ln--r, where xis the interparticle distance)*l of the nucleon-nucleon interaction is due essentially to the one-pion-exchange process 3 l and that the intermediate-range part (0.7< x < 1.5/Ln-- 1 ) can be understood approximately in terms of the exchange of one heavier boson (such as w, p, 7}, · · ·) .
With respect to the interaction at small distances, however, although its study is very exciting, we have still very little knowledge about it. This is because it was necessary first to establish the nature of the forces in the outer region in order to attack the problem of the inner region. But now we feel that we can take a further step and study the interaction in this region.
Since the information on this region which can be extracted from the lowenergy scattering experiments (below~400 MeV) is rather limited, it is natural that we go to higher energies in order to get more detailed knowledge on the nature of nuclear forces at small distances. Unfortunately, available data in this energy region are quite insufficient to determine completely and uniquely the scattering matrix. Excepting p-p scattering at 660 MeV, where a considerable amount of data has been accumulating in recent years, we have at our disposal only the differential cross section and a few polarization measurements, besides inelastic scattering data, whereas the number of independent measurements n~eded for the complete determination of the scattering matrix is ten. Also, in this region, the complications arising from the inelastic processes must be properly taken into account.
A method for analyzing the high-energy (energies at which inelastic processes are important) N-N elastic scattering in terms of complex phase shifts has been proposed by Hoshizaki ·and Machida 6 l and applied with success to the p-p data at 660 and 970 Me V.
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According to them, the imaginary phase shifts are calculated from the pion-production data by the use of the (3/2, 3/2) resonance model, and the real phase shifts are then determined from the elastic scattering data. In the Ge V-energy region, however, this procedure is no longer valid since, besides the increase of the multiple-pion-production effects, ·higher-energy resonances of the N-n system as well as large-angular-momentum final states can no longer be neglected. l\!loreover, as the incident energy goes up, an increasing number of partial waves come into the scattering, so that even if the use of the (3/2, 3/2) resonance model were permissible, the number of parameters to be determined would be too large in the Ge V region.
The method we are going to use in the present analysis is that proposed in an earlier paper, 9 > (Reference 9) will be called I throughout this paper.) which reduces cons~derably the large number of parameters, by the use of knowledge acquired in earlier studies. Our approach consists in an explicit inclusion both of the one-pion-exchange contribution for high-angular-momentum states and of the one-boson-exchange terms in the intermediate-angular-momentum waves, and in an assumption that the absorption coefficients can be represented by a smooth function of the orbital angular momentum l, taken as a continuous variable. The remaining real phases, i.e. those corresponding to low-angular-momentum states, are taken as free parameters and, as in the usual· analyses, determined from the experimental data by the method of least squares. The method was shown to work quite well when applied to the analysis of p-p scattering data at 970 MeV, so we can use it now for our analysis of p-p data at 2 and 3 Ge V. This is the first attempt at analyzing the nucleon-nucleon scattering in Ge V region which treats properly both the spin dependence and the real part of the scattering amplitude.
An outline of the analysis is given in the next section. Results of the analysis at 2 and 3 Ge V are summarized in § § 3. and 4, together with the experimental data used in the analysis. Predictions of several triple scattering parameters by our solutions are also given there. The remaining sections are reserved for the discussion of the results. The form. of the absorption is such that its maximum lies near l = 2. This is discussed in § 5 in connection· with the resonance states. In § 6, the real parts of the phase shifts are examined by paying special attention to the question of the repulsive core in the 1 Sa and 3 P states. A discussion on the forward scattering amplitude is given in § 7.
Finally in § 8, some remarks are given, as well as a summary of the main conclusions. § 2. Scheme of the analysis
The method of our analysis is that proposed in I. We will giVe 1n the following an outline of our approach.
Real parts of the phase shifts
The scattering amplitude M is written, in our analysis,
In expression (1), M(o) represents the contribution from the limited number of phase shifts o for z-::_;zl (the choice of l1 as well as l2 in the next term will be discussed later). This corresponds, then, to the part of the scattering suffering the influence of the unknown inner region of the nuclear forces and so o are left as free parameters, determined by the analysis.
The second term MOJmc(Zl<Z<l2) is the one-boson-exchange contribution from the states with l1 <t<l2, thus corresponding to the part which is due mainly to the effects of the interaction at intermediate distances. For the calculation of this term, the real phase shifts o are taken to be oz=oz(OBEC) {l+c(1-rz 2 )}, (2) where Oz (OBEC) are those values predicted by the one-boson-exchange-contribution model (briefly OBEC model) and rz are the reflection parameters defined by rz = exp (-2r;z), with r;z representing the imaginary parts of phase shifts. The factor c is a measure of the reaction effect of the inelastic processes on the real phases. In the present analysis we take, as in I,
where c 0 is a free parameter.
The last term MoPEc (l>l2) stands for the contribution commg from the one-pion-exchange process for l > l2. It corresponds to the scattering of the outer part of the wave which is dominated by the one-pion-exchange forces. The explicit inclusion of the terms MoPEc and MonEe in our analysis is supported by the well established fact that the nuclear forces at large distances (4) where pi is the incident momentum in c.m. We took, in the present calculation, With respect to the imaginary parts of the phase shifts, we assume that the absorption coefficients can be represented by a smooth function of the orbital angular momentum l, taken as a continuous variable. As in I we choose for this the following function :
where r ( l) = exp { --21} (l)}, with 1J ( l) , the imaginary parts of the phase shifts, taken as a function of l ; lo is an adjustable pararneter which characterizes the point of maximum absorption, whereas r represents the half-width of the absorp-· tion. Roughly speaking, lo + r transformed into an impact parameter gives the radius of the nucleon including its pion cloud. This can be better seen if we rewrite (5) in an alternative form
by the use of expression ( 4) . a in (5) and (5a) is a factor which can be determined from the inelastic scattering cross section.
It must be noted that in general the parameters in (5) are functions of parity, isotopic spin and total angular momentum, so that the three 3 0 states for each l may have different values of r. In the present analysis, this dependence is neglected for simplicity and only one r(l) is assumed for each l value. An argument in favor of this approximation is that in the p-p analysis at 660 MeV, two different ways of taking r (averaged over J or over l) gave results with practically the same features. Polarization measurements have been performed at an incident energy of 1.7 4 Ge V. 13 l These quantities are assumed to stay effectively constant over the energy region covered by. the data above, which, by fixing t?e incident energy at 2 Ge V for the sake of the calculation, are analyzed on the IBM-7090 machine. The three differential cross section measurements are consistent with one another, except for a few points. Those points which gave too large deviations in preliminary calculations (d/ = (Lii Ei)2 >5, where Lii is the deviation of the calculated from the measured value of the observable in question and Ei is the experimental error in the measurement) are eliminated in the final computations. In this way, 28 experimental points altogether are analyzed in terms of 12 parameters (real phase shifts up to F waves, two parameters characterizing the absorption coefficients and one which gives the reaction of the inelastic effect on the OBEC phases) by the method of least squares. The ·most probable value of the least-square sum is then X 2 = 28-12 = 16. For the calculation of the imaginary phase shifts, the inelastic cross section is taken to be O"incl = 28.84 mb. 
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In order to reduce the ambiguity of our analysis due to the scarceness of experimental data, searches are restricted to those values of the phase shifts which do not deviate too far from the ones extrapolated from the solutions at lower energies. The real phase shifts are varied in the intervals:
In doing so, we are assuming, following I, that the phase shifts are quantities varying smoothly with the energy.
With respect to the imaginary parts, two types of solution have been found . at 970 MeV : 8 ) one in which the pion production occurs mainly at the periphery (at an interparticle distance of rv0.5p,. -I) and the other in which this takes place in the inner region. In the present analysis, solutions of these two types are searched for.
Three reasonable solutions have been found, two of peripheral-absorption type and one of central-absorption type. These are listed in Table I as Sols. *> o are the real parts of nuclear-bar phase shifts in degrees. The reflection parameters r(l) can be calculated from l 0 and r given above, by using expression (5). x 2 is the least-square sum.
The most probable value of x 2 is ;z 2 =16 for 2 GeV and x 2 =50 for 2. Results of polarization measurements at 2.85 Ge V have been reported recently.1l These data together with the elastic differentiaP 5 l' 16 l and inelastic (uinel = 27.88 mbY 7 l cross section data near 3 Ge V are analyzed and the results reported in this section. The value of 2.85 Ge V is taken for the incident energy throughout the present calculation. Altogether, we have 62 experimental points which are analyzed in terms of 12 parameters: 9 real phases (up to F waves), 2 parameters characterizing the inelastic part and the parameter co in (3). The most probable value of the least-square sum in this case is then X 2 = 62-12 =50. The real phase shifts are varied in the intervals : Table I as Sols. A, A' and A". No solution of central-absorption type which is statistically reasonable has been found. This does not mean that the possibility of existence of a solution of this type is definitely excluded. What we can say is that in the region of our search given by (7), all attempts failed to yield ci centralabsorption-type solution. The three solutions, A, A' and A", are distinguished one from another by the signs of (J CD2) and (J CP2), but all of them can be connected to solutions at lower energies.
Figs. 8, 9 and 10 show the angular dependence of the elastic cross section and the polarization predicted by our solutions. Experimental points are also plotted In what follows, then, the discussion will be restricted to the case of peripheral absorption.
Solutions A and A' at 2 Ge V and A, A' and A" at 2.85 Ge V present similar forms of absorption among themselves. In Fig. 16 , r is plotted as a function of the impact parameter for Sols. A at 2 Ge V and 2.85 Ge V, and also the values for the solutions at 970 MeV and 660 MeV are shown for comparison. It is interesting to note that for large impact parameter (b?: 0.6/1,. -1 ) , which corresponds to the inelastic processes ocurring in the outer boundary of the mesonic cloud, the absorption is practically independent of energy.
With respect to the inner region, the absorption, in general, seems to increase with the energy as expected. It is clear from Fig. 16 that the maximum absorption point is not fixed when it is expressed in terms of the impact parameter, but moves inward as the energy increases. However, when we examine it as a function of the orbital angular momentum l, we see that it remains practically fixed around the value l = 2. This characteristic is also exhibited by the result of calculation at 6.4 Ge V with the use of the diffraction model. 18 > At low energy (below"-" 1 Ge V), the n production through the (3/2, 3/2) resonance state causes a strong absorption from the incident D state. ·It is rather surprising that this characteristic, namely strong absorption from the D state, remains in the region considered here (2"-"3 Ge V) and even at higher energy (6.4 Ge V), but perhaps the effect of the (3/2, 3/2) resonance at those energies remains such that an absorption peak appears in the D state.
Some other explanation for the strong absorption from the D state could be tried, for instance in terms of some other resonant states, but we could not find any satisfactory interpretation.
In terms of the SU ( 6) theory,
Dyson and Xuong have speculated on the existence of an I= 1 dibaryon resonance with J = 2 and argued that there is evidence for it in the rc++d~p+p reaction. 19 ) Such a resonance will certainly favor strong absorption from the initial D state. However, if the resonance does exist, it will also cause an increase of the real Dwave phase shift, but such a growth is not observed in our results, as seen in Fig. 17 . If it exists, its mass must be much larger than that estimated by them (m = 2160 MeV).
Recently, evidence for a pprc+ resonance at 2520 MeV has been reported, 20 ) which could well be responsible at least partially for the D state absorption.
A rough estimate shows, however, that its effect is small (it can change r(2) by 0.05 at most). § 6. Real phase shifts and the repulsive core
The real phase shifts obtained in our analysis are shown in Figs. 17 I'"'J21. There, we can see that Sol. A at 2 Ge V is smoothly connected with Sol. A at 3 Ge V, whereas Sol. A' at 2 Ge V is connected both with Sols. A' and A" at 3 GeV. No solution corresponding to Sol. B has been found at 3 GeV. The main difference between Sol. A and Sols. A' and A" is the sign of (J CD2). From the point of view of potential theory, it seems more natural that (J CD2) changes sign abovei'"'Jl GeV, for it is well known that a hard core like repulsion exists in the 1 S 0 state. However, the possibilities of Sols. A' and A'' are not excluded, for there is no guarantee that the potential interpretation holds true for such a high energy. In what follows, two points are discussed in more detail. GeV. The errors in o(1S 0 ) are estimated by using the formula (8) .
The solid curve is the prediction of the potential model with a hard core,21) whereas the dashed curve is the one with a finite Gaussian core of height 2 GeV.22) .. 2 ) with G=2 GeV and R = 3,a,.) . Discussions based on the potential model should not be regarded as rigorous in the energy region considered in our analysis, since we do not know whether the potential interpretation remains valid and furthermore reaction effects from the ine-Y. l-lama lastic channels cannot be neglected. Nevertheless, we could learn, in this way, the qualitative features of the interaction. We see that Sol. A shows some deviation from the predictions based on a hard-core repulsion and seems to be consistent with the G4 curve. Solutions A' and A", on the other hand, are consistent with the hard-core picture, but in these cases the o C D 2 ) is in disagreement with a simple potential prediction.
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Repulsive core in the 3 0 state
The existence of a strong hard-core-like repulsion is confirmed only in the singlet even parity states (or more precisely in 1 8 0 state), although it is customary to use it in all the states. In the triplet odd parity states, no proof of such a repulsion has been so far presented. In fact, Tamagaki et al. have shown that a hard core (or any singular repulsion) is not indispensable in order to reproduce the triplet odd phase shifts up to 300 MeV.
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In Figs. 18"-- '20, we can observe that o CSPo) and o CSP1) remain negative and decreasing and that also o CP 2 ) begins to decrease above 1 Ge V and becomes negative near an incident energy of"---'3 GeV (for Sols. A and A", this becomes effectively negative for an incident energy of.--'--'2.5 Ge V). This indicates that there exists a strong repulsion in the internal region in the triplet odd states also, since the effective potential for the 3 P 2 state is strongly atractive in the outer region due to the LS interaction, and some sort of strong repulsive force is required in order to make its phase shift negative. § 7. Forward scattering amplitude
It is usually believed that the high-energy (above"--' 10 Ge V) elastic p-p scattering is predominantly a shadow effect, and, in fact, a simple spin independent calculation based on the diffraction model has shown to be effective in reproducing the strong forward peak in the differential cross section. However, a definite discrepancy of the forward differential cross section, which shows systematically larger values than those expected from the optical theorem, indicates that either a real part in the scattering amplitude or contributions from the spin dependence or both must be considered in order to reproduce exactly the experimental results. Attempts to determine the real part of the forward amplitude have been carried out by many authors by the analysis of the Coulomb interference for small angle scattering. The energy region covered by these analyses goes from tens of Ge V down to "--' 1 Ge V or even lower energies. A dispersion theoretic calculation of the forward amplitude has also been done, 25 l but all these calculations are essentially based on the assumption of spin independence.
In the energy region below "--'6 Ge V, the existence of a real part in the scattering amplitude and the spin dependence of the interaction is evident from the large value of the experimentally measured polarization, 1 ) which can be explained only under such conditions. In order to verify to what extent we can give confidence to the calculations so far presented in this connection, the forward amplitude predicted by our solutions at 2 and 3 Ge V has been calculated. The scattering amplitude for the nucleon~nucleon collision, when the spin dependence is taken into account can be written (9) where xi is the initial spin-state vector and the matrix elements Mii (fJ, ({J) are functions of the c.m. scattering angles (fJ, ({J).
Since the total spin is conserved in the two-nucleon system, the M matrix can be written in the form all the off-diagonal elements of (10) are reduced to 0, so that finally we have a diagonal matrix with 3 independent quantities in the forward direction. In Table II , these non-vanishing matrix elements are given for all our solutions. 
*l Forward scattering amplitudes for the nuclear part only are given in units of 10-13 em.
As seen in Table II , the spin dependence is clearly manifested also in the forward scattering amplitude. In general, the real part of the singlet amplitude is positive (or negative but small in -absolute value), whereas the triplet ones are negative (or positive but nearly zero), in agreement with the fact that in the singlet even state the nuclear forces are mainly atractive whereas they are on the average repulsive for the triplet odd states. If we take a simple average Y. Hanza of the ratios Rii = Re Mii (O) /Im Mii (O) over the singlet and triplet states, we will have for 2 GeV R=0.06~-0.20 and for 3 GeV, R= -0.20""-0.35. This shows that in this connection the results so far presented by neglecting the spin dependence are qualitatively reasonable, but as seen in Table II , the spin dependence is very important and it. cannot be neglected. § 8. Final remarks So far we have presented the results of analysis of the p-p scattering data (elastic differential cross section, pol~rization and inelastic cross section) at 2 and 3 Ge V and discussed them in order to get an insight into the nuclear interaction at small distances. Although the experimental data are far from being complete, the use of the one-boson-exchange contribution in the intermediate region and that from the one-pion exchange in the outer region of interaction, assumptions about the form of the absorption coefficients and finally a restriction on the range of the search allowed us to limit the multiplicity of solutions and to carry out a meaningful analysis. The main conclusions reached by the present analysis are : 1) Under the above assumptions, three independent phase-shift solutions at each energy considered have been found. 2) The form of the absorption is likely to be peripheral in the energy region considered, which means that the inelastic processes occur mainly at the periphery of the colliding nucleons. The point of maximum absorption is at l=2.
3) The assumptions we made lead to solutions which are consistent with the existence of a repulsive core both in the 1 E .and 3 0 states. Although the multiplicity of solutions could be limited by our assumptions, we have nevertheless found three solutions at each energy considered, which means that the ambiguity is not yet totally removed. In order to decide which solution is correct and get further insight on the nuclear interacti~n at small distances, more experiments on polarization phenomena are required. By looking at Figs. 1 
